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Improvement of Tryptophan Analysis
by Liquid Chromatography-Single
Quadrupole Mass Spectrometry
Through the Evaluation of Multiple
Parameters
Rasmus la Cour, Henning Jørgensen and Jan K. Schjoerring*†
Department of Plant and Environmental Sciences, Faculty of Science, University of Copenhagen, Frederiksberg, Denmark
Tryptophan is a key component in many biological processes and an essential amino
acid in food and feed materials. Analysis of the tryptophan content in proteins or
protein-containing matrices has always been a challenge. We show here that the
preparation of samples prior to tryptophan analysis can be significantly simplified, and
the time consumption reduced, by using ascorbic acid as antioxidant to eliminate the
problem of tryptophan degradation during alkaline hydrolysis. Combined with separation
by HPLC and detection by Single Quadrupole Mass Spectrometry, this allows the
analytical run time to be reduced to 10min. The alkaline hydrolysate obtained in the
method presented here may be combined with the oxidized hydrolysate obtained when
sulfur-containing amino acids are to bemeasured, thus essentially providing two analyses
for the time of one.
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INTRODUCTION
Many biological processes involve the essential amino acid tryptophan (Trp) or one of its
metabolites. The Trp content of food and feed is therefore a very important factor for the growth
(Liu et al., 2017) and general health and function of animals as well as humans (Friedman, 2018).
Despite this fact, measurement of Trp has often been omitted in many studies of food and feed
materials, because the Trp analysis has generally been tedious and only contributed with one
additional amino acid to the full amino acid profile (Rozan et al., 2001; Bals et al., 2007; Dahl-
Lassen et al., 2018; Gorissen et al., 2018). Decreasing the time consumption associated with the Trp
analysis, as well as simplifying the protocol for the preparation of samples, may therefore encourage
a wider use of Trp analysis, which in turn will lead to a better understanding of the nutritional
quality of protein-containing products.
Recent advances in high-throughput analysis of the amino acid composition of proteins have led
to a substantial reduction of the chromatographic run time compared to classical techniques (Dahl-
Lassen et al., 2018). In combination with relatively cheap single quadrupole mass spectrometers,
a significant simplification of amino acid analysis has been provided (Dahl-Lassen et al., 2018)
compared to using more advanced mass spectrometers (Sakamoto et al., 2017; Han et al., 2018;
Peris-Díaz et al., 2018; Tasakis and Touraki, 2018; Wang et al., 2018).
A major challenge of Trp analysis is that the acidic condition used to hydrolyze protein for
normal amino acid analysis causes substantial or even complete oxidative degradation of Trp,
la Cour et al. Optimization of Tryptophan Analysis
which means that Trp cannot be quantified (Mason et al.,
1979; Bech-Andersen, 1991). An alkaline hydrolysis has typically
been implemented to partially solve this problem. While most
methods use sodium hydroxide for hydrolysis (Bech-Andersen,
1991; Van Wickern et al., 1997; Yust et al., 2004; Zhang et al.,
2009), other alkaline compounds, such as lithium hydroxide
and barium hydroxide, have also been applied (Hugli and
Moore, 1972; Lucas and Sotelo, 1980). Barium hydroxide is
currently being used in commercial laboratories according to
the ISO-standard for protein hydrolysis (ISO 13904:2005, 2005).
Common for all these methods is that they need a laborious step
to purge the sample in order to remove oxygen. This can be very
time consuming and, depending on the nature of the sample,
very difficult.
Oxidative degradation of Trp may also be prevented by
addition of an antioxidant. Lactose and partially hydrolyzed
starch have been tested and found to improve Trp yields
(Hugli and Moore, 1972; Bech-Andersen, 1991), but are not
considered antioxidants in a classical sense. Ascorbic acid is
a naturally abundant and inexpensive antioxidant, making it
suitable for routine analysis. It has been shown that ascorbic
acid has a pro-oxidative effect on Trp in small amounts, but
an antioxidative effect in larger amounts (Steinhart et al., 1993).
Previously published methods, which have applied ascorbic acid
as an antioxidant, have still included laborious steps such as
flame sealing of reaction vessels in order to prevent oxygen
from entering the hydrolysis mixture (Wu and Tanoue, 2001;
Allenspach et al., 2018).
The purpose of the present study was to develop a method
for high-throughput analysis of Trp in food, feed, and other
protein-containing materials. In order to simplify the workflow,
we especially tested the hypothesis that Trp analysis can be
performed without removal of oxygen. We show that addition
of ascorbic acid eliminates the need for tedious steps to prevent
oxidation of Trp and that further sample preparation work-
up after hydrolysis can be avoided by using lithium hydroxide.
Pre-column derivatization of Trp is optional depending on
sensitivity needs, but has the advantage that oxidized cysteine
and methionine may be measured together with Trp, eliminating
the need for one extra analysis on the HPLC system when
determining a complete amino acid profile.
MATERIALS AND METHODS
Materials
Analytical grade AccQ-Tag kit (containing acetonitrile, borate
buffer, and 6-aminoquinolyl-N-hydrosysuccinimidyl carbamate
reagent) was obtained from Waters (Millford, MA, USA). LC-
MS grade acetonitrile, formic acid, lithium hydroxide, ascorbic
acid, L-tryptophan, and cell free 13C-15N-labeled amino acid
mixture were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Hydrochloric acid was obtained from Merck (Darmstadt,
Germany). Milli-Q water (Millipore, Billerica, MA) was used for
preparation of all buffers and reagents.
The matrices used in this study were whole shoots, juice,
and pulp after extraction of red clover (Trifolium pratense),
rye grass (Lolium perenne), and alfalfa (Medicago sativa),
plant species representing potential biomasses for biorefineries.
These materials were supplemented by shoots of stiff brome
(Brachypodium distachyon), which is a model species in
plant biology (Głazowska et al., 2018). In addition, seeds of
triticale (×Triticosecale), leaves of spinach (Spinacia oleracea),
a cheese from the local supermarket and dried dog food
pellets were analyzed, representing food and feed materials. A
certified reference material, NIST-1849a infant formula reference
material, commercially available from National Institute of
Standards and Technology (NIST) was also included.
Preparation of Standard and Internal
Standard Solutions
Tryptophan was weighed out and water added to a final stock
concentration of 0.5mM and frozen for storage (−20◦C) in
aliquots of 35 µL. From this stock, a calibration curve was
prepared as described in the derivatization section.
The internal standard solution used was a complete mixture of
13C-15N labeled amino acids with a Trp concentration of 20mM.
The mixture was diluted to 0.5mM and split into smaller aliquots
for storage in the freezer (−20◦C). This dilutedmixture was ready
to use.
Sample Preparation
All plant materials and the dog food sample were freeze dried
and ground by adding 3–5 steel spheres to the samples and
shake them on a paint shaker until powdery (10–15min)
prior to analysis. The reference material was analyzed in the
received condition.
Hydrolysis During Optimization
Approximately 20mg of sample was weighed into a 10mL head
space vial with crimp cap. The antioxidant was added to the
sample prior to addition of the base. Lithium hydroxide (4M),
sodium hydroxide (2.5 or 4.2M) or solid barium hydroxide
octahydrate together with water (2.5M) were added in a volume
of 3mL to the sample and the vials were sealed. A conventional
oven preheated to 110◦C was used for hydrolysis. Samples
were left for the specified time. After hydrolysis was completed,
the vials were taken out of the oven and cooled to handling
temperature. Once cooled, the samples were neutralized using
hydrochloric acid (6M) and mixed thoroughly. In the case of
hydrolysis with barium hydroxide, the neutralization was done
using 0.5mL of phosphoric acid (85%) and 1mL hydrochloric
acid (6M). An aliquot of the samples was filtered through a
syringe filter (0.45µm) and derivatized as described below.
Final Hydrolysis Protocol
Approximately 20mg of sample was weighed into a 10mL head
space vial with crimp cap. Then 3.0mL of a freshly prepared
solution of 95mM ascorbic acid in 4M lithium hydroxide was
added to the sample and the vial was sealed. The sealed vials
were placed in a preheated oven (110◦C) and left there for 16 h.
After hydrolysis was completed, the vials were taken out of the
oven and cooled to handling temperature. Once cooled, 2mL
hydrochloric acid (6M) was added, and the samples were mixed
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thoroughly. An aliquot of the sample was filtered through a
syringe filter (0.45µm) and derivatized as described below.
Derivatization With AccQ-Tag and
Chromatography
Derivatization with the AccQ-Tag kit and chromatography
were performed according to Dahl-Lassen et al. (2018) with
modifications to the detection method. The samples were
derivatized with aminoquinoline reagent (AQC) by mixing 5 µL
of the sample with 33.5 µL of borate buffer, 1.5 µL of internal
standardmixture (0.5mM), and 10µL of dissolved AQC reagent.
The standard curve was prepared by mixing 8, 6, 5, 4, 3, 2, 1,
0.4, 0.2, and 0.1 µL, respectively with 3 µL of internal standard
mixture and adding borate buffer to a volume of 80 µL. Then
20 µL of dissolved AQC reagent was added. Both standards and
samples were mixed thoroughly immediately after addition of the
AQC reagent. The tubes were then heated at 55◦C for 10 min.
Sample analysis was performed on a Waters UPLC system
with a Binary solvent manager and a sample manager. The
detection of the amino acids was performed on a Waters QDa
single quadrupole mass spectrometer in positive mode. The
settings of the mass spectrometer was optimized to a cone voltage
of 14V and a mass of 375.2 m/z for unlabeled Trp and 388.2 m/z
for the labeled internal standard. The mass spectrometer allowed
only for unit resolution meaning that compounds within±1 m/z
of the target mass was detected.
Separation was carried out on a Cortecs UPLC C18 (1.6µm
particle size, 2.1 × 150mm) column with a VanGuard Cortecs
UPLC C18 (1.6µm particle size, 2.1× 5mm) guard column. The
column temperature was steady at 55◦C and the injection volume
was 1 µL. Gradient elution was used with 0.5% formic acid in
water as eluent A and in acetonitrile as eluent B. The flow rate
was constant at 0.500mLmin−1. The following gradient was used
(expressed as solvent B): Initial conditions: 0.0% B, 0.0–0.54 min:
0.1% B, 0.54–4.00 min: 6.0% B, 4.00–4.50 min: 13.0% B, 4.50–
7.50 min: 16.0% B, 7.50–8.04 min: 59.6% B, 8.04–8.05 min: 90.0%
B, 8.05–8.64 min: 90.0% B, 8.64–8.73 min: 0.0% B, 8.73–10.00
min: 0.0% B.
Calculation of Recovery
For calculation of recovery, nine replicates were measured over
3 days. All recoveries, except for the NIST reference material,
were based on a comparison with results obtained by analyzing
the same material in a commercial laboratory. The commercial
laboratory is accredited by the Danish accreditation authorities
and are performing the analysis in accordance with the generally
accepted ISO 13904:2005 standard for analysis of Trp. The
recoveries shown for the NIST reference material were compared
to the certified values.
Data Analysis
Data analysis was performed in Excel. Comparisons of sets of
samples were analyzed using a student’s t-test.
FIGURE 1 | Chromatogram showing a full amino acid standard divided into
mass traces. Each trace shows detection at a specific mass with Trp at the
top and a blank sample at the bottom.
RESULTS AND DISCUSSION
Specificity
The specificity of the separation and detection method was
tested by injection of a solution of Trp. A full amino acid
standard was used to show that none of the other amino acids
interfered with the measurements (Figure 1). This is important,
as all amino acids will normally be present in the sample when
analyzing Trp in a protein hydrolysate. Because Trp in this
case was detected with a mass spectrometer (QDa detector) and
not by fluorescence, molecules of other masses with the same
retention time at ∼9min could not interfere. It is therefore very
unlikely that any interferences would be present, as was also
confirmed (Figure 1). Sample blanks treated as a normal sample
and going through all the analytical preparations verified that no
compounds were contaminating or co-eluting with Trp (blank
sample trace, Figure 1). With the given analytical setup, the total
analysis time was 11.5min from injection to injection, but due to
the specificity provided by the use of the QDa detector, an even
shorter run time is possible.
Calibration and Sensitivity
The influence of the cone voltage on the performance of the
QDa detector was evaluated and the optimal value was found
to be 14V. The effect of formic acid concentration (0.1–1%) in
the mobile phases was also tested. The best detector response
(signal-to-noise ratio) was obtained using 0.5% formic acid (data
not shown).
With the chosen setup, the working range was between 0.5
and 40µM for Trp. This range was suitable for analyzing most
materials without the need for diluting or concentrating the
sample, thus decreasing the analytical sample preparation time.
Within this working range, calibration curves for Trp showed a
linear response (r2 > 0.99) when a stable isotope labeled internal
standard was included (Figure 2). Limit of Quantitation (LOQ)
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FIGURE 2 | Calibration curve for tryptophan showing peak area relative to the
internal standard peak area plotted against amount in µg/L. Two replicates
analyzed at each standard level.
FIGURE 3 | Recoveries of tryptophan following sample hydrolysis with
different bases. Values are expressed relative to values obtained from
commercial laboratories. Values are means ± S.D. (n = 9).
was calculated as 10 times signal-to-noise ratio and determined
to be 0.06µM. Limit of Detection (LOD) was calculated as three
times signal-to-noise ratio and determined to be 0.02µM. This
was comparable to other methods described in literature with
mass spectrometry detection (Liming et al., 2009; Gaudin et al.,
2014; Tang et al., 2014).
On theQDa detector, Trp can be analyzed in the underivatized
form. This will shorten the time of analytical preparation
considerably, but the sensitivity will be lowered by approximately
a factor of 10, giving a comparable sensitivity to other methods
based on fluorescent or UV detection (Meussen et al., 2014;
Tasakis and Touraki, 2018). Therefore, it was decided to continue
with the derivatization step. Furthermore, the derivatization
step was necessary for detection of the other amino acids in a
combined analysis as described below.
Evaluation of Optimal Hydrolysis
Conditions
The efficiency of protein hydrolysis and recovery of Trp is a
critical aspect. Several different setups of the hydrolysis were
tested based on previously published methods. Different bases
were tested for the alkaline hydrolysis (Figure 3), and the time
of hydrolysis was varied (data not shown). Using a hydrolysis
time between 8 and 22 h revealed no significant difference in
the performance of the analysis. The result for the 4 h hydrolysis
time was significantly lower than those for the longer times. This
demonstrated a good robustness of the hydrolysis with regard to
hydrolysis time and a standard time of 16 h was chosen.
From the results in Figure 3 it was clear that neither of
the tested bases were able by themselves to yield the desired
recovery of Trp after the hydrolysis. This was attributed to
Trp being susceptible to degradation by oxidation. Therefore,
antioxidants were added to the hydrolysis mixture. Samples
hydrolyzed with sodium hydroxide were prone to turning into
a gel when neutralized with hydrochloric acid. This made
the subsequent filtering process exceedingly difficult. Sodium
hydroxide was therefore discarded in the following optimization.
Barium hydroxide showed the best results in the initial tests and
is also the base used in the ISO certified method for Trp analysis
(ISO 13904:2005, 2005). However, due to precipitation, barium
was incompatible with the borate buffer used in the derivatization
step. A further disadvantage of barium hydroxide is that it has to
be added as a solid compound which, in a high-throughput setup,
is much less desirable than dispensing a liquid. Barium hydroxide
was therefore also discarded and lithium hydroxide was chosen
for further optimization of the hydrolysis.
Lactose and phenol proved ineffective as antioxidants or
stabilizers of Trp (Figure 4), whereas tryptamine and ascorbic
acid had a strong positive influence. Dose-response of both
tryptamine and ascorbic acid was investigated, but due to the
low solubility of tryptamine in lithium hydroxide, increasing the
concentration to 40 mg/sample, corresponding to 13.3 mg/ml
in the hydrolysis solution, resulted in insoluble tryptamine
even after completed hydrolysis. Therefore, it was only possible
to study the effect of ascorbic acid, where an increase in
concentration from 20 to 50mg per sample significantly
improved the Trp recovery. However, a further increase from 50
to 100mg ascorbic acid per sample did not result in significantly
improved Trp recovery (Figure 4). The recoveries obtained using
50mg ascorbic acid per sample as antioxidant were generally
good, ranging from 92 to 101%. The level of added ascorbic
acid was higher than previously reported (Wu and Tanoue,
2001), potentially accounting for the increase in recovery even
without having to remove oxygen from the sample/head space.
The improvement in recovery due to addition of tryptamine
or ascorbic acid as antioxidants was much higher for ryegrass
juice and alfalfa whole shoot samples than for the red clover
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FIGURE 4 | Efficiency of different antioxidants on tryptophan recovery.
Recoveries are shown for four different antioxidants added in increasing
concentrations. Values are expressed relative to values obtained from a
certified commercial laboratory. Values are means ± S.D. (n = 9).
pulp (compare Figures 3, 4). The reason for this may be that
the juice and whole plant samples contained more highly
soluble compounds that acted as catalysts of the oxidative
degeneration, and which had been removed from the pulp during
the extraction process.
Accuracy
Using the optimized hydrolysis described above, a set of
nine different plant samples were tested for Trp recovery by
comparing the obtained values with the values received from
a certified commercial laboratory. Each sample was analyzed a
total of 9 times over 3 days. The recoveries ranged from 90
to 98% of the values obtained by the commercial laboratory
(Table 1), which is considered acceptable because it is within
the uncertainty of the method. Furthermore, a certified reference
material (NIST-1849a), used by commercial laboratories as the
primary source for validation of accuracy, was analyzed with a
recovery of 100%, strongly supporting the validity of the method.
The average recovery for all the matrices was 95.5% (Table 1).
Reproducibility
The reproducibility was tested on 15 different sample types. Each
sample type was analyzed in triplicates on three different days.
The average relative standard deviation of the 15 sample types
was 8.3%, ranging from 7.1 to 10.3% (Table 1). This standard
deviation was slightly larger than other examples seen in the
literature (Wu and Tanoue, 2001; Armstrong et al., 2007; Zhang
et al., 2009), but still comparable. By analyzing 10 injections
from the same vial, the contribution to the uncertainty coming
from the HPLC system and MS-detection was determined to be
3.3%. By derivatizing and analyzing the same sample five times,
TABLE 1 | Recoveries and relative standard deviation of Trp in different sample
matrices.
Sample Recovery (%) Relative standard deviation (%)
Red clover juice 97.4 8.5
Red clover pulp 97.5 7.1
Red clover shoot 93.9 9.7
Ryegrass juice 96.5 7.2
Ryegrass pulp 95.0 7.7
Ryegrass shoot 89.9 8.5
Alfalfa juice 96.5 9.5
Alfalfa pulp 97.2 7.5
Alfalfa shoot 91.5 10.3
Spinach leaves N.D. 7.7
Triticale seeds N.D. 8.3
Brachypodium shoot N.D. 8.0




N.D., Not determined. These samples were not part of the sample set sent to the certified
commercial laboratory.
Relative standard deviation based on nine repetitions over 3 days, including all parts of
the analysis.
Recoveries are relative to values from a certified commercial laboratory, except for
NIST-standard recovery, which is relative to the certified value.
the contribution to the uncertainty from the derivatization step
was found to be 2.8%. The remaining uncertainty was therefore
related to the hydrolysis step and the day-to-day variation. Only
a few methods presented in the literature consider the hydrolysis
step (Allenspach et al., 2018), thereby neglecting a major source
of variation.
Combined Analysis of Cysteine,
Methionine, and Trp
Analysis of the sulfur-containing amino acids methionine and
cysteine requires that they are protected from degradation during
standard acid hydrolysis. This is achieved by a pre-hydrolysis
step in which performic acid is added to the sample, resulting
in oxidation of the two amino acids to methionine sulfone and
cysteic acid, respectively. During the oxidative hydrolysis, Trp
is degraded, implying that no Trp is present in the hydrolysate.
In the alkaline hydrolysis carried out in connection with Trp
analysis, ascorbic acid as an antioxidant is preventing the
formation of methionine sulfone and cysteic acid. The two
hydrolysates from the oxidative and the alkaline hydrolysis might
therefore be combined before derivatization, which would allow
Trp, cysteine (cysteic acid), andmethionine (methionine sulfone)
to be quantified simultaneously in one analytical run. We tested
this on a sample set of protein concentrates from plant material
along with different whole plant materials and the certified
reference material (NIST-1849a).
For Trp and methionine, there was no significant difference
in quantified amount between the normal single and the
combined analyses (p = 0.27 and p = 0.26, respectively).
The combined analysis showed a slight tendency (p = 0.024)
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toward overestimating the content of cysteine. The average
overestimation was 6.4%, which was within the range of the
uncertainty of cysteine analysis in the method developed by
Dahl-Lassen et al. (2018). The difference was mainly attributed
to certain sample types as shown by the fact that the cysteine
content of the Brachypodium samples and alfalfa samples were
overestimated by 17 and 16% respectively, while the difference
observed for the other samples, including the reference material,
was not significant. The overestimation of cysteinemay be caused
by cysteine acting as an antioxidant, as has been demonstrated
previously (Allenspach et al., 2018). Partial oxidation of cysteine
to cysteic acid may be overcome by addition of extra ascorbic
acid, however this has been demonstrated to have an adverse
effect on the recovery of Trp in some sample types (Allenspach
et al., 2018).
The combined method is accordingly considered suitable for
most sample types, but it is strongly recommended that each
sample type is tested before the combined method is applied.
CONCLUSION
The analytical protocol presented here makes the analysis of
Trp more applicable for high throughput setups. This was
achieved by using ascorbic acid as an antioxidant during the
hydrolysis of proteins, thereby eliminating the need for the labor-
intensive steps of removing oxygen from the sample and the
atmosphere in the hydrolysis vial. The option of pre-column
derivatization allows the user a choice of improved sensitivity
or minimal active analytical preparation time. Combining the
alkaline hydrolysate for Trp determination with the oxidized
hydrolysate for methionine and cysteine determination prior to
analysis by Single Quadrupole Mass Spectrometry, will further
decrease the analytical preparation time, as well as the analytical
run time, essentially resulting in a “free” analysis in terms of both
time and material costs.
DATA AVAILABILITY STATEMENT
The datasets generated for this study are available on request to
the corresponding author.
AUTHOR CONTRIBUTIONS
RC developed and performed the experimental work. All authors
contributed to the design of the work, the writing of the
manuscript, and read and approved the final manuscript.
FUNDING
This work was supported by the Bio-Value Strategic Platform for
Innovation and Research, funded by Innovation Fund Denmark
(Grant No. 0603-00522B to JS).
ACKNOWLEDGMENTS
The authors would like to acknowledge Lene Stødkilde-Jørgensen
and Vinni K. Damborg, Aarhus University for supplying
test materials.
REFERENCES
Allenspach, M. D., Fuchs, J. A., Doriot, N., Hiss, J. A., Schneider, G., and Steuer,
C. (2018). Quantification of hydrolyzed peptides and proteins by amino acid
fluorescence. J. Pept. Sci. 24, 1–7. doi: 10.1002/psc.3113
Armstrong, M., Jonscher, K., and Reisdorph, N. A. (2007). Analysis of 25
underivatized amino acids in human plasma using ion-pairing reversed-phase
liquid chromatography/time-of-flight mass spectrometry. Rapid Commun.
Mass Spectrom. 21, 2717–2726. doi: 10.1002/rcm
Bals, B., Teachworth, L., Dale, B., and Balan, V. (2007). Extraction of proteins from
switchgrass using aqueous ammonia within an integrated biorefinery. Appl.
Biochem. Biotechnol. 143, 187–198. doi: 10.1007/s12010-007-0045-0
Bech-Andersen, S. (1991). Determination of Tryptophan with HPLC after Alkaline
Hydrolysis in Autoclave using α-methyl-tryptophan as Internal Standard. Acta
Agric. Scand. 41, 305–309.
Dahl-Lassen, R., Van Hecke, J., Jørgensen, H., Bukh, C., Andersen, B., and
Schjoerring, J. K. (2018). High-throughput analysis of amino acids in plant
materials by single quadrupole mass spectrometry. Plant Methods 14:8.
doi: 10.1186/s13007-018-0277-8
Friedman, M. (2018). Analysis, nutrition, and health benefits of tryptophan. Int. J.
Tryptophan Res. 11, 1–12. doi: 10.1177/1178646918802282
Gaudin, Z., Cerveau, D., Marnet, N., Bouchereau, A., Delavault, P., Simier,
P., et al. (2014). Robust method for investigating nitrogen metabolism
of 15N labeled amino acids using AccQ•Tag ultra performance liquid
chromatography-photodiode array-electrospray ionization-mass spectrometry:
application to a parasitic plant-plant interaction. Anal. Chem. 86, 1138–1145.
doi: 10.1021/ac403067w
Głazowska, S., Murozuka, E., Persson, D. P., Castro, P. H., and Schjoerring, J.
K. (2018). Silicon affects seed development and leaf macrohair formation in
Brachypodium distachyon. Physiol. Plant. 163, 231–246. doi: 10.1111/ppl.12675
Gorissen, S. H. M., Crombag, J. J. R., Senden, J. M. G., Waterval, W. A. H.,
Bierau, J., Verdijk, L. B., et al. (2018). Protein content and amino acid
composition of commercially available plant-based protein isolates. Amino
Acids 50, 1685–1695. doi: 10.1007/s00726-018-2640-5
Han, M., Xie, M., Han, J., Yuan, D., Yang, T., and Xie, Y. (2018). Development
and validation of a rapid, selective, and sensitive LC–MS/MS method for
simultaneous determination of d- and l-amino acids in human serum:
application to the study of hepatocellular carcinoma. Anal. Bioanal. Chem. 410,
2517–2531. doi: 10.1007/s00216-018-0883-3
Hugli, T. E., and Moore, S. (1972). Determination of the tryptophan content of
proteins by ion exchange chromatography of alkaline hydrolysates. J. Biol.
Chem. 247, 2828–2834. doi: 10.1016/j.aquaculture.2008.02.013
ISO 13904:2005 (2005). International Organization for Standardization. Available
online at: https://www.iso.org/standard/37259.html
Liming, W., Jinhui, Z., Xiaofeng, X., Yi, L., and Jing, Z. (2009). Fast determination
of 26 amino acids and their content changes in royal jelly during storage using
ultra-performance liquid chromatography. J. Food Compos. Anal. 22, 242–249.
doi: 10.1016/j.jfca.2008.10.022
Liu, H. N., Hu, C. A., Bai, M. M., Liu, G., Tossou, M. C. B., Xu, K., et al. (2017).
Short-term supplementation of isocaloric meals with l-tryptophan affects pig
growth. Amino Acids 49, 2009–2014. doi: 10.1007/s00726-017-2440-3
Lucas, B., and Sotelo, A. (1980). Effect of different alkalies, temperature, and
hydrolysis times on tryptophan determination of pure proteins and of foods.
Anal. Biochem. 109, 192–197. doi: 10.1016/0003-2697(80)90028-7
Mason, V. C., Bech-Andersen, S., and Rudemo, M. (1979). Hydrolysate
preparation for amino acid determinations in feed constituents. Z. Tierphysiol.
Tierernähr. Futtermittelkd. 41, 226–235.
Meussen, B. J., van Zeeland, A. N. T., Bruins, M. E., and Sanders, J. P. M. (2014).
A fast and accurate UPLC method for analysis of proteinogenic amino acids.
Food Anal. Methods 7, 1047–1055. doi: 10.1007/s12161-013-9712-7
Frontiers in Chemistry | www.frontiersin.org 6 November 2019 | Volume 7 | Article 797
la Cour et al. Optimization of Tryptophan Analysis
Peris-Díaz, M. D., Sentandreu, M. A., and Sentandreu, E. (2018). Multiobjective
optimization of liquid chromatography–triple-quadrupole mass spectrometry
analysis of underivatized human urinary amino acids through chemometrics.
Anal. Bioanal. Chem. 410, 4275–4284. doi: 10.1007/s00216-018-
1083-x
Rozan, P., Kuo, Y. H., and Lambein, F. (2001). Amino acids in seeds
and seedlings of the genus Lens. Phytochemistry 58, 281–289.
doi: 10.1016/S0031-9422(01)00200-X
Sakamoto, T., Onuma, R., Furukawa, S., Hayasaka, A., Onozato, M., Nakazawa,
H., et al. (2017). Liquid chromatography-mass spectrometry with triazole-
bonded stationary phase for N-methyl-d-aspartate receptor-related amino
acids: development and application in microdialysis studies. Anal. Bioanal.
Chem. 409, 7201–7210. doi: 10.1007/s00216-017-0682-2
Steinhart, H., Vollmar, M., and Sailer, C. (1993). Pro- and antioxidative effect of
ascorbic acid on l-tryptophan in the system Fe3+/Ascorbic Acid/O2. J. Agric.
Food Chem. 41, 2275–2277. doi: 10.1021/jf00036a010
Tang, X., Gu, Y., Nie, J., Fan, S., andWang, C. (2014). Quantification of amino acids
in rat urine by solid-phase extraction and liquid chromatography/electrospray
tandem mass spectrometry: application to radiation injury rat model. J.
Liq. Chromatogr. Relat. Technol. 37, 951–973. doi: 10.1080/10826076.2013.
765451
Tasakis, R. N., and Touraki, M. (2018). Identification of bacteriocins secreted
by the probiotic Lactococcus lactis following microwave-assisted acid
hydrolysis (MAAH), amino acid content analysis, and bioinformatics.
Anal. Bioanal. Chem. 410, 1299–1310. doi: 10.1007/s00216-017-
0770-3
Van Wickern, B., Simat, T., and Steinhart, H. (1997). HPLC analysis of γ-
irradiation-induced products of tryptophan in peptides and lysozyme. Z. Leb.
Forsch. A 205, 446–451.
Wang, Y., Du, S., and Armstrong, D. W. (2018). Sensitive analysis of N-blocked
amino acids using high-performance liquid chromatography with paired
ion electrospray ionization mass spectrometry. Anal. Bioanal. Chem. 410,
4725–4735. doi: 10.1007/s00216-018-0901-5
Wu, F., and Tanoue, E. (2001). Sensitive determination of dissolved tryptophan
in freshwater by alkaline hydrolysis and HPLC. Anal. Sci. 17, 1063–1066.
doi: 10.2116/analsci.17.1063
Yust, M. M., Pedroche, J., Girón-Calle, J., Vioque, J., Millán, F., and
Alaiz, M. (2004). Determination of tryptophan by high-performance
liquid chromatography of alkaline hydrolysates with spectrophotometric
detection. Food Chem. 85, 317–320. doi: 10.1016/j.foodchem.2003.
07.026
Zhang, J. Z., Xue, X. F., Zhou, J. H., Chen, F., Wu, L. M., Li, Y.,
et al. (2009). Determination of tryptophan in bee pollen and royal
jelly by high-performance liquid chromatography with fluorescence
detection. Biomed. Chromatogr. 23, 994–998. doi: 10.1007/s11105-009-
0119-y
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2019 la Cour, Jørgensen and Schjoerring. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Chemistry | www.frontiersin.org 7 November 2019 | Volume 7 | Article 797
